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LAYER-TO-LAYER INTERCONNECTS FOR 
PHOTOELECTRIC DEVICES AND METHODS 

OF FABRICATING THE SAME 

BACKGROUND OF THE INVENTION 

A photovoltaic (PV) cell is generally an electronic device 
that is capable of converting incident light into electricity 
(direct current). A photovoltaic cell comprises a pair of elec 
trodes and light-absorbing and charge transporting photovol 
taic materials disposed therebetWeen. When the photovoltaic 
material is irradiated With light, electrons that have been 
con?ned to an atom in the photovoltaic material are released 
by light energy to move freely. Thus, free electrons and holes 
are generated. The free electrons and holes are ef?ciently 
separated and transported to the electrodes through charge 
transporting materials so that electric energy is continuously 
extracted. Current commercial photovoltaic cells use a semi 
conductor photovoltaic material, typically silicon. HoWever, 
implementing silicon for photovoltaic cells generally 
requires high product cost due to extensive material and 
energy consumption. Another type of commercial PV cell 
that has loWer material consumption are thin ?lm PV cells 
such as a-Si, CaTe, CIGS, etc. HoWever, these thin ?lm PV 
cells generally require a high vacuum manufacturing process, 
Which generally leads to high capital investment and opera 
tional expenses. 
One alternative type of PV cell that has loW cost potential 

is an organic or/and organic/inorganic hybrid cell. Among 
this class of PV cells, dye sensitiZed solar cells (DSSCs) may 
be the most promising for commercialization based on cur 
rently available experimental results. The DSSC has three 
major active materials: a dye, an electron transporter material 
(such as titanium dioxide) and a hole transporter material 
(such as electrolyte). The dye is generally used, because 
titanium dioxide (TiO2) alone absorbs little photon energy 
from sunlight. To sensitiZe the titanium dioxide, a dye (or 
chromophore) is coupled onto the surfaces of the semicon 
ductor solid (e.g. titanium dioxide). When a dye molecule 
absorbs a photon, electrons are excited into the loWest unoc 
cupied molecular orbital, from Which they are injected into 
the conduction band of the semiconductor (e.g., titanium 
dioxide). Once in the conduction band, the electrons can then 
?oW through a ?rst electrode (also known as the front elec 
trode, anode or photoelectrode). Thus, the semiconductor 
serves as a transport medium for electrons. Hole transport 
betWeen the dye layer and the second electrode (also knoWn 
as the back electrode, cathode or counter electrode) occurs 
through an electrolyte solution disposed betWeen the elec 
trodes. Practically, the returning electrons at the second elec 
trode effect a oxidation-reduction (“redox”) reaction, gener 
ating a reduced species that returns the electrons to the 
oxidiZed dye molecules, and the cycle repeats. It is desirable 
to provide a sensitiZing agent that absorb as large a portion of 
the sunlight Wavelength as possible to maximiZe the harvest 
of photon energy. 
A solar cell is a speci?c type of photovoltaic cell that is 

con?gured to convert solar energy (sunlight) into electricity. 
A solar cell includes tWo electrodes, Which may be referred to 
as the solar electrode, con?gured to receive sunlight, and a 
counter electrode. The solar electrode collects high energy 
electrons from the photo-generation process. The counter 
electrode provides loW energy electrons to the active cell 
materials disposed betWeen the electrodes. Solar energy has 
become an attractive source of energy for remote locations 
and is Widely recogniZed as a clean, reneWable alternative 
form of energy. 
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As Will be appreciated, solar energy includes a Wide range 

of photon energies. To achieve high ef?ciency, the solar cell 
must absorb a su?icient amount of photons from the solar 
energy. There are tWo approaches to achieve maximum solar 
absorption. One is to use a dye that has very broad Wavelength 
absorption. Another approach is to use several complimen 
tary dyes. It is very dif?cult to have a dye that is both strong 
and a broad absorber. A strong absorber enables a thinner 
layer cell, thus provides a higher e?iciency cell as a result of 
the short charge transport distance. Advantageously, by stack 
ing multiple cell modules coupled in series, improved e?i 
ciency and appearance can be realiZed. Since each cell mod 
ule in the stack may be con?gured to absorb a speci?c range 
of solar energy, it is possible to convert more photon energy to 
electric energy. Furthermore, the stacked con?guration pro 
vides a more aesthetically pleasing device appearance. 

Typically, in order for tandem cells, such as inorganic thin 
?lm cells, to achieve a high e?iciency, great efforts are made 
so that each cell in series has the same or similar current. 
OtherWise, the device current Will be limited to the smallest 
cell current. Light losses throughout the photovoltaic device, 
cost, material and processing limitations and interconnection 
among various elements in the photovoltaic device present a 
number of challenges in designing viable, useful, e?icient, 
manufacturable and reliable photovoltaic devices. In contrast, 
organic or hybrid PV cells, can be fabricated at a compara 
tively loW cost. Thus a neW type tandem device can be made 
through a parallel tandem architecture Where several layers of 
PV cells are stacked optically in series and electrically in 
parallel. One major advantage of this parallel tandem device 
architecture is that there is no requirement for current match 
ing at each layer of the device. Furthermore, this architecture 
provides practical means for providing a variety of color 
appearances, because different layers of cells can be indepen 
dently stacked. The ?exibility of this architecture design 
requires unique Ways for simple and loW cost interconnects to 
match current or voltage for the integration of each of the 
layers of cells Which make up the stacked device. 

BRIEF DESCRIPTION OF THE INVENTION 

In accordance With one exemplary embodiment of the 
present invention, there is provide a photovoltaic device com 
prising: a plurality of substrates arranged in a stack; one or 
more photovoltaic cells formed betWeen each of the plurality 
of substrates; and Wherein each of the plurality of substrates 
comprises a plurality of interconnects con?gured to provide 
voltage on each side of each of the plurality of substrates. 

In accordance With another exemplary embodiment of the 
present invention, there is provide an electronic device com 
prising: a plurality of ?exible substrates arranged in a stack 
and having interconnects, Wherein each of the interconnects 
is con?gured to derive one of a plurality of voltages on a ?rst 
side of the plurality of ?exible substrates and con?gured to 
distribute the one of the plurality of voltages to a respective 
second side of the plurality of ?exible substrates; and a plu 
rality of electronic cells disposed betWeen each of the plural 
ity of ?exible substrates. 

In accordance With yet another exemplary embodiment of 
the present invention, there is provide a photovoltaic device 
comprising: an upper substrate having a top surface and a 
bottom surface and having a ?rst plurality of active elements 
disposed on the bottom surface of the upper substrate; a loWer 
substrate having a top surface and a bottom surface and hav 
ing a second plurality of active elements disposed on the top 
surface of the loWer substrate; and at least one intermediate 
substrate disposed betWeen the upper and loWer substrate and 



US 8,115,093 B2 
3 

having a top surface and a bottom surface, wherein a third 
plurality of active elements are disposed on the top surface of 
the at least one intermediate substrate and a forth plurality of 
active elements are disposed on the bottom surface of the at 
least one intermediate substrate, and Wherein the at least one 
intermediate substrate comprises a plurality of interconnects 
con?gured to distribute a voltage from the top surface to the 
bottom surface of the at least one intermediate substrate. 

In accordance With still another exemplary embodiment of 
the present invention, there is provide a method of operating 
a photovoltaic device comprising: obtaining a ?rst voltage 
betWeen a loWer surface of a ?rst substrate and a loWer surface 
of a second substrate, Wherein a ?rst plurality of photovoltaic 
cells are formed betWeen the ?rst and second substrates; 
routing the ?rst obtained voltage contacts through a ?rst 
interconnect from the loWer surface of the second substrate to 
an upper surface of the second substrate, such that the ?rst 
voltage is derived from each of the ?rst plurality of photovol 
taic cells; obtaining a second voltage betWeen the loWer sur 
face of the second substrate and a loWer surface of a third 
substrate, Wherein a second plurality of photovoltaic cells are 
formed betWeen the second and third substrates; and routing 
the second obtained voltage contacts through a second inter 
connect from the loWer surface of the third substrate to an 
upper surface of the third substrate, such that the second 
voltage is derived from each of the ?rst plurality of photovol 
taic cells. 

In accordance With a further exemplary embodiment of the 
present invention, there is provide a method of fabricating a 
photoelectric device comprising: stacking a plurality of cell 
modules, Wherein each of the plurality of cell modules com 
prises a plurality of solar cells; measuring an electrical per 
formance of each of the plurality of solar cells; and intercon 
necting each of the plurality of cell modules based at least 
partially on the electrical performance of each of the plurality 
of solar cells, such that each of the plurality of cell modules 
comprises approximately the same current or voltage output. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a cross-sectional vieW of a photovoltaic device 
having a stacked con?guration, in accordance With embodi 
ments of the present techniques; 

FIG. 2 is a diagrammatic vieW of a photovoltaic device 
fabricated in sheets in accordance With embodiments of the 
present techniques; 

FIG. 3 is an explodedperspective vieW of sheets Which may 
be fabricated to form a photovoltaic device in accordance 
With the present techniques; 

FIG. 4 is a cross-sectional vieW of a photovoltaic device 
having interconnects fabricated in accordance With embodi 
ments of the present techniques; 

FIG. 5 is a cross-sectional vieW of another photovoltaic 
device having interconnects fabricated in accordance With 
alternative embodiments of the present techniques; and 

FIGS. 6-9 illustrate top vieWs of the various layers of the 
photovoltaic devices illustrated in FIGS. 4 and 5. 

DETAILED DESCRIPTION OF SPECIFIC 
EMBODIMENTS 

Organic electronic devices, such as photovoltaic (PV) 
devices, may be fabricated by depositing materials on sub 
strates and laminating the substrates together to form a one or 
more solar cells stacked on top of each other. FIG. 1 illustrates 
a PV device 10 of the ?rst embodiment of the present inven 
tion that comprises a plurality of PV modules 12, 14 and 16 
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4 
arranged in a stack. Although the PV device 10 of FIG. 1 
illustrates only three PV modules 12, 14 and 16, it should be 
understood that any desirable number of PV modules may be 
implemented in accordance With the present techniques. In 
addition, although FIG. 1 shoWs only one PV cell for each PV 
cell module, a PV cell module of the present invention can 
comprise a plurality of PV cells arranged in a grid pattern, as 
Will be disclosed further beloW With reference to FIG. 3. 
Further, While the exemplary embodiment of FIG. 1 illus 
trates a dye sensitiZed PV cell, it should be understood that 
other types of PV cells may also be implemented in accor 
dance With the present techniques. Still further, the tech 
niques described herein may be applicable to other organic 
electronic devices, such as electroluminescent devices. 

FIG. 1 illustrates the concept of a tandem device incorpo 
rating a conventional liquid type of dye sensitiZed solar cell, 
as the example. The ?rst PV cell module 12 comprises a ?rst 
substrate 18. The ?rst substrate 18 comprises a ?exible and 
substantially transparent ?lm. The ?exible substrate 18 gen 
erally comprises a substantially transparent ?lm. As used 
herein, “substantially transparent” refers to a material alloW 
ing a total transmission of at least about 50%, preferably at 
least about 80%, of solar light (i.e., having a Wave length in 
the range from about 400 nm to about 1100 nm). The ?exible 
substrate 18 is generally thin, having a thickness in the range 
of approximately 025-500 mils, and preferably in the range 
of approximately 0.5-3.0 mils. The term “?exible” generally 
means being capable of being bent into a shape having a 
radius of curvature of less than approximately 100 cm. 
The ?exible substrate 18 may be dispensed from a roll, for 

example. Advantageously, implementing a roll of transparent 
?lm for the ?exible substrate 18 enables the use of high 
volume, loW cost, reel-to-reel processing and fabrication of 
the PV device 10. The roll of transparent ?lm may have a 
Width of 1 foot, for example, on Which a number of organic 
packages may be fabricated and excised. The ?exible sub 
strate 18 may comprise a single layer or may comprise a 
structure having a plurality of adjacent layers of different 
materials. The ?exible substrate 18 has an index of refraction 
in the range of approximately 1.05 -2.5, and preferably in the 
range of approximately 1 .1-1 .6. Further, the ?exible substrate 
18 generally comprises any ?exibly suitable polymeric mate 
rial. For instance, the ?exible substrate 12 may comprise 
polycarbonates, polyarylates, polyetherimides, polyethersul 
fones, polyimides, such as Kapton H or Kapton E (made by 
Dupont) or Upilex (made by UBE Industries, Ltd.), polynor 
bornenes, such as cyclic-ole?ns (COC), liquid crystal poly 
mers (LCP), such as polyetheretherketone (PEEK), polyeth 
ylene terephthalate (PET), and polyethylene naphtalate 
(PEN). Alternatively, the ?exible substrate 18 may be a thin 
?lm glass With polymer enforced backing. 
A conductive coating 20 comprising a substantially trans 

parent, electrically conductive material may be disposed on 
the substrate 18 to provide the ?rst electrode for the PV cell 
module 12. Suitable materials that can be used for the con 
ductive coating 20 are substantially transparent, electrically 
conductive oxides, such as indium tin oxide (ITO), F-doped 
tin oxide (FTO), tin oxide, indium oxide, Zinc oxide, indium 
Zinc oxide, Zinc indium tin oxide, antimony oxide, and mix 
tures thereof A thin, substantially transparent layer of metal is 
also suitable. Such a metal layer typically has a thickness of 
less than 100 nm. Suitable metals are silver, gold, aluminum, 
copper, steel, or nickel. Since the ?exible substrate 18 is 
exposed to environmental conditions, the coating 20 may also 
include additional layers of barrier coating betWeen the sur 
face of the substrate 18 and the conductive coating 20 to avoid 
excess Water and/or oxygen penetration. 
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A semiconductor layer 24 is disposed in electrical contact 
With the coating 20. Suitable semiconductor materials for the 
layer 24 include metal oxide semiconductors, such as oxides 
of the transition metal elements; speci?cally, oxides of tita 
nium, Zirconium, halfnium, strontium, Zinc, indium, yttrium, 
lanthanum, vanadium, niobium, tantalum, chromium, molyb 
denum, tungsten, iron, nickel, silver or mixed oxides of these 
elements. Other suitable oxides are those having a perovskite 
structure, such as SrTiO3 or CaTiO3. The semiconductor 
material of layer 24 is coated With a photosensistiZing dye. 
Preferably, the photosensitiZing dye is chemically adsorbed 
on or bonded through chemical bonds to the surface of the 
semiconductor material. Such chemical bonds are easily 
formed When the photosensitiZing dye has a functional group 
such as carboxyl, alkoxy, hydroxy, hydroxyalkyl, sulfonic, 
phosphonyl, ester, or mercapto groups. Non-limiting 
examples of photosensitiZing dyes are organometallic com 
plexes having a formula of MX3Lt or MXYLt, Where M is a 
transition metal selected from the group consisting of ruthe 
nium, osmium, iron, rhenium, and technetium; Lt is tridentate 
ligand comprising heterocycles such as pyridine, thiophene, 
imidaZole, pyraZole, triaZole, carrying at least one carboxylic, 
phosphoric, hydroxamic acid or chelating group; X is a co 
ligand independently selected from the group consisting of 
NCS, Cl, Br, 1, CN, NCO, H2O, NCH, pyridine unsubstituted 
or substituted With at least one group selected from the group 
consisting of vinyl, primary amine, secondary amine, and 
tertiary amine, OH, and Cl_3O alkyl; and Y is a co-ligand 
selected from the group consisting of o-phenanthroline, 2,2‘ 
bipyridine unsusbtituted or substituted With at least one C L30 
alkyl group. Other suitable photosensitiZing dyes are the pure 
organic dyes or other organometallic dyes, such as azo dyes, 
quinone dyes, quinoneimine dyes, quinacridone dyes, 
squarylium dyes, cyanine dyes, merocyanine dyes, triphenyl 
methane dyes, xanthene dyes, porphyrin dyes, phthalocya 
nine dyes, perylene dyes, indigo dyes, and naphthalocyanine 
dyes. 
A second substrate 26 having an electrically conductive 

coating 28 disposed thereon is disposed opposite and apart 
from the semiconductor layer 24. The electrically conductive 
coating 28 serves as the second electrode of the PV cell 
module 12, and can be made of one of the conductive oxides 
or of a substantially transparent layer of one of the metals 
listed above for the ?rst electrode layer 20. The substrate 26 
may be made of a substantially transparent and ?exible poly 
meric material, such as one of the polymeric materials listed 
above. A layer 30 of a catalyst for oxidation-reduction reac 
tion is disposed on the coating 28. Suitable catalysts for 
oxidation-reduction reaction are platinum and palladium, for 
instance. It is preferred that the catalyst metals are disposed as 
very ?ne particles having a siZe on the order of less than about 
10 nanometers, for instance. 

Seals 32 are provided around the periphery of the PV cell 
module 12 to de?ne space 34, in Which an electrolyte, Which 
serves as a charge carrier for returning electrons to the oxi 
diZed dyes from an external circuit, is injected. The electro 
lyte comprises a species that can undergo reduction-oxidation 
(redox) reaction, such a combination of an iodide salt and 
iodine, or a bromide salt and bromine. Salts such as Lil, Nal, 
Kl, Cal2, LiBr, NaBr, KBr, or CaBr2 may be used. Typically 
an electrolyte consists of solvent and a redox couple. High 
boiling point polar organic solvents or non-volatile ionic liq 
uids may be more practical for solar cell application. Seals 32 
are made of a material resistant to chemical attack by the 
electrolyte, such as an epoxy resin. 

The substantially transparent and ?exible substrate 26 also 
serves as the ?rst substrate for the second PV cell module 14, 
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6 
and provides electrical isolation from the ?rst PV cell module 
12. The substrate 26 has a coating 36 of a substantially trans 
parent, electrically conductive material that is selected from 
among the materials disclosed above With reference to the 
coating 20 and disposed on the second surface of the substrate 
26, opposite the conductive coating 28. Thus, the PV cells of 
the PV cell module 14 are electrically insulated from the PV 
cells of the PV cell module 12. Each of the second and third 
PV cell modules 14 and 16 has similar components as the ?rst 
PV cell module 12. The components of PV cell modules 14 
and 16 comprise materials that are disclosed as suitable for 
the corresponding components of PV cell module 12. HoW 
ever, as Will be appreciated, each of the PV cell modules 12, 
14 and 16 may include unique materials to provide for differ 
ent color and Wavelength absorption, as described further 
beloW. 
A semiconductor layer 38 is disposed on the coating 36. 

The semiconductor material of layer 38 is coated With a 
photoactivatable dye. The photoactivatable dye for each of 
PV cells in the PV cell modules 12, 14 and 16 is capable of 
absorbing light of a different Wavelength range in the spec 
trum of total light received by the PV device 10 so that cells in 
the PV cell modules 12, 14 and 16 together absorb substan 
tially all of the light received by the PV device 10. In other 
Words, the spectrum of total light received by the PV device 
10 comprises the Wavelength ranges of light absorbed by all 
of the photoactivatable dyes of the cells in each of the PV cell 
modules 12, 14 and 16. For example, When the total light 
received by the PV device 10 is sunlight, the photoactivatable 
dyes for the PV cells in the PV cell modules 12, 14 and 16 may 
be chosen to have substantial absorption in the range of about 
430-530 nm, 530-580 nm, 580-700 nm, respectively. In addi 
tion, one or more additional PV cells may be included in the 
PV device 10 and may carry photoactivatable dyes having 
substantial absorption in a portion of the UV range, such as 
290-400 nm, or in the near infrared range, such as 700-820 
nm. Since each PV cell in each PV cell module 12, 14 and 16 
is manufactured to absorb light maximally in a different 
Wavelength range, the energy conversion ef?ciency of the PV 
device 10 can be improved signi?cantly over that of prior art 
devices. 
A second substrate 40 having an electrically conductive 

coating 42 disposed on a ?rst surface thereof is disposed 
opposite and apart from semiconductor layer 38. The electri 
cally conductive coating 42 serves as the second electrode of 
the PV cell module 14, and can be made of one of the con 
ductive oxides listed above or of a substantially transparent 
metal layer. The substrate 40 may be made of a ?exible, 
substantially transparent polymeric material, such as one of 
the polymeric materials listed above. A layer 44 of a catalyst 
for oxidation-reduction reaction is disposed on coating 42. 
Suitable catalysts for oxidation-reduction reaction are plati 
num and palladium. The catalyst metals are disposed as very 
?ne particles, such as having a siZe on the order of less than 
about 10 nanometers, for instance. 

Seals 48 are provided around the periphery of the PV cell 
module 14 to de?ne space 46, Which contains an electrolyte, 
Which serves as a charge carrier for returning electrons from 
an external circuit. The electrolyte comprises a species that 
can undergo oxidation-reduction reaction, such as a combi 
nation of an iodide salt and iodine, or a bromide salt and 
bromine. Salts such as Lil, Nal, Kl, Cal2, LiBr, NaBr, KBr, or 
CaBr2 may be used. The seals 48 are made of a material 
resistant to chemical attack by the electrolyte, such as an 
epoxy resin. 
The ?exible, substantially transparent substrate 40 also 

serves as the ?rst substrate for the third PV cell module 16, 
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and provides electrical isolation from the second PV cell 
module 14. The substrate 40 has a coating 50 of a substan 
tially transparent, electrically conductive material that is 
selected from among the materials disclosed above With ref 
erence to layers 20 and 36 and is disposed on the second 
surface of the substrate 40, opposite the conductive layer 42. 
Thus, the PV cell module 16 is electrically insulated from the 
PV cell module 14. A semiconductor layer 52 is disposed on 
the coating 50. The semiconductor material of layer 52 is 
coated With a photoactivatable dye. 
A second substrate 54 having an electrically conductive 

coating 56 disposed on a ?rst surface thereof is disposed 
opposite and apart from semiconductor layer 52. The electri 
cally conductive coating 56 serves as the second electrode of 
PV cell module 16 and can be made of one of the conductive 
oxides listed above or of a substantially transparent metal 
layer. The substrate 54 may be made of a ?exible, substan 
tially transparent polymeric material, such as one of the poly 
meric materials listed above. A layer 58 of a catalyst for 
oxidation-reduction reaction is disposed on the coating 56. 
Suitable catalysts for oxidation-reduction reaction are plati 
num and palladium. The catalyst metals may be disposed as 
very ?ne particles having a siZe on the order of less than about 
10 nanometers, for instance. 

Seals 60 are provided around the periphery of the PV cell 
module 16 to de?ne space 62, Which contains an electrolyte, 
Which serves as a charge carrier for returning electrons from 
an external circuit. The electrolyte comprises a species that 
can undergo oxidation-reduction reaction, such as a combi 
nation of an iodide salt and iodine, or a bromide salt and 
bromine. Salts such as Lil, NaI, KI, CaI2, LiBr, NaBr, KBr, or 
CaBr2 are oftenused. Seals 60 are made of a material resistant 
to chemical attack by the electrolyte, such as an epoxy resin. 

Each of PV cells in each of the PV cell modules 12, 14 and 
16 is electrically connected through its oWn pair of electrodes 
to an external circuit to provide electrical poWer thereto. The 
interconnection of the PV cells betWeen cell modules 12, 14 
and 16 is discussed further beloW With respect to FIGS. 4-9. 
Furthermore, each of PV cells may include an electrical con 
trol device to provide substantially maximum poWer, as mea 
sured by the product of voltage and current, from the indi 
vidual cell. Therefore, the PV device 10 can be adjusted to 
operate at or near its maximum e?iciency. 

The ?rst substrate 18 of the ?rst PV cell module 12 and the 
second substrate 54 of the last PV cell module 16 in the stack 
are preferably coated With barrier coatings that provide a 
barrier (not shoWn) to the diffusion of chemically reactive 
species of the environment into the internal portions of the PV 
device 10. Among those chemical reactive species are oxy 
gen; Water vapor; solvents; acid gases, such as hydrogen 
sul?de, SOX, NOX, etc., Which can attack and degrade the 
sensitive components of the organic PV device 10, such as the 
organic dye, the catalyst layer, the electrodes, or the electro 
lyte. 

In one embodiment of the present invention, a barrier coat 
ing of the ?rst substrate 18 of the ?rst PV cell module 12 and 
the second substrate 54 of the last PV cell module 16 in the 
stack comprises a multilayer stack of a plurality of alternating 
organic and inorganic layers.Abarrier coating also canbe one 
the composition of Which varies continuously across its thick 
ness, such as from a predominantly organic composition to a 
predominantly inorganic composition. The thickness of the 
barrier coating is in the range from about 10 nm to about 1000 
nm, preferably from about 10 nm to about 500 nm, and more 
preferably from about 10 nm to about 200 nm. It is desirable 
to choose a coating thickness that does not impede the trans 
mission of light through the substrate that receives light, such 
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8 
as a reduction in light transmission less than about 20 percent, 
preferably less than about 10 percent, and more preferably 
less than about 5 percent. The organic layers of the multilayer 
stack comprises a polymeric material selected from the group 
consisting of polyacrylates, polyester, polyethylenetereph 
thalate, polyole?ns, and combinations thereof. The organic 
layers can be deposited as a monomer or oligomer of the ?nal 
polymer onto a substrate by a method selected from the group 
consisting of spin coating, dip coating, vacuum deposition, 
ink-jet printing, and spraying, folloWed by a polymerization 
reaction of the monomer or oligomer. The thickness of an 
organic layer is in the range from about 10 nm to about 500 
nm. 

The inorganic layers typically comprise oxide; nitride; car 
bide; boride; or combinations thereof of elements of Groups 
IIA, IIIA, IVA, VA, VIA, VIIA, IB, and IIB; metals of Groups 
IIIB, IVB, and VB; and rare-earth metals. For example, sili 
con carbide can be deposited onto a substrate by recombina 
tion of plasmas generated from silane (SiH4) and an organic 
material, such as methane or xylene. Silicon oxycarbide can 
be deposited from plasmas generated from silane, methane, 
and oxygen or silane and propylene oxide. Silicon oxycarbide 
also can be deposited from plasmas generated from organo 
silicone precursors, such as tetraethoxysilane (TEOS), hex 
amethyldisiloxane (HMDSO), hexamethyldisilaZane 
(HMDSN), or octamethylcyclotetrasiloxane (D4). Silicon 
nitride can be deposited from plasmas generated from silane 
and ammonia. Aluminum oxycarbonitride can be deposited 
from a plasma generated from a mixture of aluminum tartrate 
and ammonia. Other combinations of reactants may be cho 
sen to obtain a desired coating composition. The choice of the 
particular reactants depends on the ?nal composition of the 
barrier coating. The thickness of an inorganic layer is typi 
cally in the range from about 10 nm to about 200 nm, prefer 
ably from about 10 nm to about 100 nm. The inorganic layer 
can be deposited onto a substrate by a method selected from 
the group consisting of plasma-enhanced chemical-vapor 
deposition (“PECVD”), radio-frequency plasma-enhanced 
chemical-vapor deposition (“RFPECVD”), expanding ther 
mal-plasma chemical-vapor deposition (“ETPCVD”), sput 
tering including reactive sputtering, electron-cyclotron-reso 
nance plasma-enhanced chemical-vapor deposition 
(ECRPECVD”), inductively coupled plasma-enhanced 
chemical-vapor deposition (“ICPECVD”), or combinations 
thereof. 
As discussed above, the PV device 10 may include a num 

ber of PV cells arranged to form PV cell modules Which are 
stacked on top of each other. In one exemplary embodiment, 
the PV device 10 may be fabricated by forming “sheets” and 
laminating the sheets together. FIG. 2 illustrates an exemplary 
embodiment of the PV device 10, generally designated by the 
reference numeral 70. The PV device 70 generally includes a 
plurality of sheets 72, 74, 76 and 78. As Will be illustrated and 
discussed further With reference to FIGS. 3-9, each sheet 
72-78 comprises a ?exible substrate having conductive ele 
ments deposited and patterned thereon. As further described 
beloW, the elements are con?gured to form the anodes and 
cathodes of various photovoltaic cells in the PV device 70. 

Each PV cell may be an inorganic thin-?lm solar cell such 
as a-Si, CIGS, GaAs and CdTe. Alternatively, each PV cell 
may be an organic solar cell of different types such as small 
molecular donor-acceptors, polymeric donor-acceptors, 
fulerenes-polymer heterojunction, dye-sensitiZed cells, or 
hybrid cells having organic materials and inorganic nano 
materials, for example. In one embodiment, the PV device 70 
may include a plurality of organic photovoltaic cells con?g 
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ured to absorb photon energy and to convert the absorbed 
photon energy to electric energy. 

Further, While the present embodiment illustrates a PV 
device 70 comprising a number of sheets 72-78 having ele 
ments fabricated thereon, it should be understood that other 
stacked illumination devices, including luminescence ele 
ments, such as organic light emitting devices, or electric 
storage elements in addition to, or instead of the PV devices, 
may be fabricated in accordance With the stacked con?gura 
tion described and illustrated. In accordance With embodi 
ments of the present invention directed to the interconnection 
of the various layers or sheets, the electrical coupling tech 
niques may also be applicable to a broader range of stacked 
illumination devices, such as those including luminescence 
element con?gured to produce illumination at a desired Wave 
length, for instance. Furthermore, in accordance With 
embodiments of the invention the photoelectric device may 
include any combination of PV devices, illumination devices, 
electric storage devices (such as batteries), as Well as photo 
electric sensing devices. 
As previously described With reference to FIG. 1, each PV 

cell module (e. g., PV cell modules 12, 14 and 16) may include 
a plurality of PV cells. As discussed above, the substrates 
have PV cell elements patterned and fabricated thereon and 
the PV cells are formed by laminating the substrates together 
to form the PV cells betWeen the substrates, thus forming a 
PV device. Once the PV cell elements are formed on the 
substrates, they may be laminated together to form the 
stacked structures illustrated in FIGS. 1 and 2. FIG. 3 illus 
trates an exploded perspective vieW of the sheets 72, 74 and 
76 (FIG. 2) to illustrate the arrangement of the PV elements 
and cells With relation to one another. The arrangement and 
interconnection of the various elements Will be described 
further With reference to FIGS. 4-9. 
As illustrated in FIG. 3, each layer or sheet 72, 74 and 76 

includes a substrate having PV cell elements patterned 
thereon in desired locations 80. The PV cell elements may 
include materials such as conductive layers con?gured to the 
form anodes and cathodes of the PV cell, semiconductor 
materials and catalysts. Further, an electrolyte material may 
be disposed on or betWeen the substrates. As discussed With 
reference to FIG. 1, each anode/cathode pair may be fabri 
cated on adjacent substrates. As previously described, the 
semiconductor materials, catalysts and an electrolyte mate 
rial are also disposed on or betWeen the substrates. As Will be 
appreciated, the locations 80 are provided for illustrative pur 
poses and do not necessarily coincide With a particular ele 
ment of the PV cell. Rather, the locations 80 simply demar 
cate the locations of the various PV cells rather than the 
boundaries of each of the PV cell elements. As illustrated in 
FIG. 3, the locations 80 are de?ned such that the PV cells are 
disposed directly on top of each other or such that they sub 
stantially overlap from a top perspective vieW. The overlap 
ping PV cells from one PV cell module to the next comprise 
photoactivatable dyes that have strong absorption of light in 
different Wavelength ranges of the spectrum of light received 
by PV device so that substantially all of the received light may 
be harvested. Preferably, all PV cells in a single module (i.e., 
each of the PV cells formed on a single layer betWeen tWo 
particular substrates) are provided With one type of photoac 
tivatable dye. Each of the PV cells of a PV cell module are 
electrically connected (e.g., in parallel, in series, or a combi 
nation thereof) such that a desired voltage, current, or poWer 
(as measured by the product of voltage and current) is 
achieved, as discussed further beloW. 

Referring noW to FIG. 4, a PV device 82 fabricated in 
accordance With embodiments of the present invention is 
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10 
illustrated. The PV device 82 includes a plurality of substan 
tially transparent, ?exible substrates 84, 86, 88 and 90. Each 
of the ?exible substrates 84-90 may comprise a material and 
may have the properties previously described With reference 
to the substrates 18, 26, 40 and 54 of FIG. 1. Each of the 
substrates 84-90 are patterned to form PV cell elements that 
Will eventually form PV cells once the substrates are lami 
nated together. Accordingly, at least one surface of each of the 
plurality of substrates 84-90 includes one or more elements or 
layers that make up a PV cell such that stacked PV cells are 
formed When the layers are laminated together. For instance, 
the loWer surface 92 of the substrate 84 includes a plurality of 
elements 94. Each of the elements 94 may include a conduc 
tive coating, such as ITO, that is con?gured to provide an 
anode for a respective PV cell. As previously described With 
respect to FIG. 1, a semiconductor layer may be disposed on 
each of the anodes. Accordingly, in the present exemplary 
embodiment, each of the elements 94 includes an anode hav 
ing a semiconductor layer disposed thereon. Alternatively, the 
loWer surface 92 of the substrate 84 may be coated With a 
conductive material, such as ITO. In this embodiment, the 
elements 94 may include only the semiconductor material 
(previously described) that is patterned to provide the bound 
aries of respective PV cells. 
The counter-electrodes, here cathodes, for the ?rst layer of 

PV cells may be fabricated on the second substrate 86. 
Accordingly, the upper surface 96 of the second substrate 86 
includes a number of elements 98 con?gured to align With the 
elements 94. Each of the elements 98 may include a conduc 
tive coating having a catalyst material for oxidation-reduction 
reaction disposed thereon. Alternatively, the upper surface 96 
of the substrate 86 may be coated With a conductive material, 
such as ITO. In this embodiment, the elements 98 may 
include only the catalyst material (previously described) that 
is patterned to provide the boundaries of respective PV cells. 
As Will be appreciated, a charge carrying material such as an 
electrolyte material (not shoWn) may be disposed betWeen 
each of the elements 94 and 98 to complete the plurality of PV 
cells. 

To provide a PV device 82 con?gured to absorb light at 
different Wave lengths, a second set of solar cells may be 
formed betWeen the second substrate 86 and the third sub 
strate 88. Accordingly, the loWer surface of 100 of the sub 
strate 86 includes a plurality of elements 102. Each of the 
plurality of elements 102 may include a conductive coating 
con?gured to form anodes of respective PV cells. The con 
ductive coating may include a layer of semiconductor mate 
rial disposed thereon, such that each of the elements 102 has 
a similar con?guration to that of the elements 94. Similarly, 
the upper surface 104 of the substrate 88 may include a 
number of elements 106 having a similar con?guration to that 
of the elements 98. Accordingly, each of the elements 106 
may include a catalyst material disposed on a conductive 
coating con?gured to form the cathode of the respective solar 
cell. As Will be appreciated, a charge carrying material such as 
an electrolyte (not shoWn) is generally disposed betWeen the 
second substrate 86 and the third substrate 88. 
The loWer surface 108 of the substrate 88 may include a 

number of elements 110 having a con?guration similar to that 
of the elements 94 and 102. That is to say, each of the elements 
110 may include a conductive material con?gured to form the 
anode of a respective solar cell and a semiconductor layer 
disposed thereon. Finally, the upper surface 112 of the sub 
strate 90 includes a number of elements 114. Each of the 
elements 114 may comprise a conductive coating con?gured 
to form a cathode of a respective PV cell and a catalyst 
material disposed thereon. As Will be appreciated, a charge 
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carrying material such as an electrolyte (not shown) is gen 
erally disposed between the third substrate 88 and the fourth 
substrate 90. 
As previously described, once the substrates 84-90 are 

laminated together to form the PV device 82, vertical stacks 
116 of PV cells are formed. Each anode/cathode pair, along 
With the semiconductor, catalyst, and electrolyte materials, 
forms a respective PV cell. Thus, a layer or module of PV 
cells are formed betWeen each of the substrates 84, 86, 88 and 
90. For example, in the present exemplary embodiment, each 
stack 116 includes three PV cells 118, 120 and 122, indicated 
by dashed lines. To provide optimal light absorption for each 
of the stacks in the PV device 82, each of the cells 118, 120 
and 122 may include different photoactivatable dyes chosen 
to have substantial absorption in different ranges of the light 
spectrum. 

To operate the various PV cells 118, 120 and 122, different 
supply voltages may be advantageously derived. Accord 
ingly, a ?rst voltage source V1 may be derived to obtain poWer 
from the ?rst layer of solar cells 118 of each stack 116. A 
second voltage source V2 is formed from the second layer of 
solar cells 120 of each stack 116. A third voltage source V3 
may be derived to obtain poWer from a third layer of solar 
cells 122 ofthe stack 116. 

To facilitate the interconnection and use of the voltage 
sources V1, V2 andV3, the substrates 84-90 are con?gured to 
form a stepped structure. The stepped structure is formed 
such that an edge portion of each of the substrates 84-90 is 
accessible for connection to one or more of the voltage 
sourcesV1,V2 andV3. The contacts pads on the steps include 
clearance to isolate the interconnections betWeen the top and 
the bottom conductive layers of the substrate. To create the 
stepped structure, each successive substrate in the stacked PV 
device 82 is slightly longer than the last, thereby providing an 
exposed edge portion. That is to say that the substrate 88 is 
slightly longer than the substrate 90, the substrate 86 is 
slightly longer than the substrate 88 and the substrate 84 is 
slightly longer than the substrate 86, as illustrated in FIG. 4. 
Once the substrates 84-90 are laminated together to form the 
PV device 82, the edge portions of the substrates 84-90 form 
a step pattern. 

To obtain poWer from the various PV cells (e.g., PV cells 
118, 120 and 122), interconnects are formed on the edge 
portion of each of the plurality of substrates 84-90. In accor 
dance With the exemplary embodiment illustrated in FIG. 4, 
the interconnects include conductive pads 124 disposed on 
the loWer surfaces of the edge portion of each of the substrates 
to facilitate connection of the conductive pads 124 to the 
voltages sources V1, V2 and V3. In the present exemplary 
embodiment, the interconnects also include electrically con 
ductive vias formed through the substrates, as described fur 
ther beloW. 
As Will be illustrated further With respect to FIGS. 6-9, 

each substrate 84-90 includes conductive pads 124 Which 
may be coupled to produce respective voltage supplies, such 
as the voltage sources V1, V2 and V3. Further, in accordance 
With the present exemplary embodiment, to provide electrical 
connections from one side of a substrate to the other (here the 
loWer surface of each substrate to the upper surface of the 
substrate), electrical vias 126 may be formed through the 
substrates 86, 88 and 90. The electrical vias may be formed by 
a laser or by a chemical drilling technique, for instance. Each 
of the vias 126 is electroplated to form a conductive path from 
one surface (loWer) of a substrate to the other (upper). Further, 
and as illustrated best With respect to FIGS. 6-8, electrical 
buses comprising a electrically conductive traces 128 are 
patterned on the surfaces of the substrates to provide electri 
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12 
cal paths betWeen each of the corresponding anodes and 
cathodes of each of the PV cells. 

Advantageously, the presently described interconnection 
provides a PV device 82 that is lighter, more ?exible, cheaper, 
more robust and easier to manufacture than prior intercon 
nection techniques. As Will be appreciated, among the advan 
tages of current one-sided interconnect designs are the ?ex 
ibility for voltage or current matching for different cell 
modules, as Well as simpli?ed device fabrication. Current 
thin-?lm type tandem cells generally require exact current 
matching among the various cell modules in the stack. As 
such, the cell modules are generally fabricated in a vacuum 
chamber for precise material deposition. In contrast, in accor 
dance With the present techniques, such processing restric 
tions are not necessary. When a desired device is needed, 
selected modules can be stacked together and the intercon 
nects may be implemented such that each cell module Will 
have either the same voltage or current for maximum device 
e?iciency. Because each module has all interconnects on one 
side of the device, the device can be fabricated ?rst. Each cell 
module or sheet may be tested separately before being 
coupled to another cell module. After the module is fabri 
cated, the interconnects may be formed. Based at least par 
tially on the test characteristics of each cell module, the 
particular interconnect structure for connecting one module 
to the next may be selected to provide optimal current/voltage 
matching. 

FIG. 5 illustrates an alternate exemplary embodiment of a 
PV device 130 fabricated in accordance With alternate 
embodiments of the present techniques. Each of the common 
elements previously described With respect to FIG. 4 is illus 
trated in FIG. 5. The difference in the PV cell 130 of FIG. 5 
(compared to the PV cell 82 of FIG. 4) is in the interconnect 
structure for electrically interconnecting one side/ surface of a 
substrate to another. Rather than implementing the vias 126, 
as illustrated in the PV device 82, the edges of each of these 
substrates 86, 88 and 90 are electroplated. That is to say, a 
conductive coating 132 is provided such that each of the 
conductive buses or traces 128 on one side of the substrate are 
coupled to the conductive pads 124 on the opposing side of 
the substrate. As Will be appreciated, rather than drilling vias 
through the edge of the substrates and forming an electrical 
path from one side of a respective substrate to the opposing 
side through the electrically conductive via, the path is simply 
formed around the edge via the conductive edge Wrap mate 
rial 132. Advantageously, a device, such as the PV device 130 
may be cheaper to fabricate using edge raps, as compared to 
v1as. 

FIGS. 6-9 provide various vieWs of the exemplary inter 
connect structures described above With reference to FIGS. 4 
and 5. No neW elements are indicated. FIGS. 6-9 are simply 
provided to better illustrate certain of the features of the 
present embodiments. Speci?cally, FIG. 6 illustrates a top 
vieW of the loWer surface 92 of the substrate 84. As indicated 
in FIGS. 4, 5 and 6, conductive pads 124 are electrically 
routed to each of the PV elements 94 via the conductive traces 
128. FIG. 7 illustrates a top vieW of an intermediate substrate 
(i.e., not one of the outer substrates 84 or 90), such as the 
substrates 86 and 88. For instance, FIG. 7 illustrates the loWer 
surface 100 of the substrate 86. As indicated in FIGS. 4, 5 and 
7, each of the conductive pads 124 in the inner column of 
conductive pads 124 is electrically routed to each of the PV 
elements 102 via the conductive traces 128.As best illustrated 
in FIGS. 4 and 5, the outer column of conductive pads 124 is 
coupled to the upper surface 96 of the substrate 86 through the 
via 126 or edge Wrap 132. FIG. 8 illustrates a top vieW of the 
upper surface 112 of the substrate 90. As indicated in FIGS. 4, 
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5 and 8, conductive pads 124 are electrically routed to each of 
the PV elements 114 via the conductive traces 128. The 
conductive pads 124 receive voltage from the voltage sources 
V1, V2 and V3 through vias 126 or edge Wraps 132 con?g 
ured to route the voltage from the loWer surface of the sub 
strate 90 to the upper surface 112. Finally, FIG. 9 is a top vieW 
of the backside of the PV device 82 after the structure has 
been laminated to form the stack. 

The interconnection concept described in the present 
speci?cation alloWs for ?ex based, or other high density elec 
tronics, to be tightly interconnected to the PV device, OLED, 
battery, or combination of such ?exible structures as 
described herein. Advantageously, this interconnect strategy 
also alloWs for adding electronics that can perform a Wide 
range of functions such as poWer sWitching, peak poWer 
control, voltage regulation, timing/ sequencing, and commu 
nications. These functions can accomplish local, global or a 
combination of the functions so as to optimiZe and perhaps 
synchronize the operation of the overall system. As Will be 
appreciated, embodiments of the present invention may be 
implemented in systems that can be self standing such as self 
poWering signs, remote poWer generator/harvesting, energy 
storage, and remote communication systems, for example. 

While the invention may be susceptible to various modi? 
cations and alternative forms, speci?c embodiments have 
been shoWn by Way of example in the draWings and have been 
described in detail herein. HoWever, it should be understood 
that the invention is not intended to be limited to the particular 
forms disclosed. Rather, the invention is to cover all modi? 
cations, equivalents, and alternatives falling Within the spirit 
and scope of the invention as de?ned by the folloWing 
appended claims. 

What is claimed is: 
1. A photovoltaic device comprising: 
a plurality of substrates arranged in a stack; 
one or more photovoltaic cells formed betWeen pairs of 

substrates among the plurality of substrates; and 
Wherein each of the plurality of substrates comprises a 

plurality of interconnects con?gured to provide voltage 
on each side of each of the plurality of substrates. 

2. The photovoltaic device, as set forth in claim 1, Wherein 
each of the plurality of substrates comprises a ?exible sub 
strate. 

3. The photovoltaic device, as set forth in claim 1, Wherein 
each of the plurality of interconnects comprises a conductive 
pad on each side of each of the plurality of substrates and 
further comprises a via disposed through the substrate to 
electrically couple the respective conductive pads on each 
side of the plurality of substrates. 

4. The photovoltaic device, as set forth in claim 1, Wherein 
each of the plurality of interconnects comprises a conductive 
strip con?gured to Wrap around the edge of each of the sub 
strates. 

5. The photovoltaic device, as set forth in claim 1, Wherein 
each of the plurality of substrates in the stack comprises at 
least one edge portion that extends beyond the edge portion of 
the immediately adjacent substrate, such that the edge por 
tions form a step pattern. 

6. The photovoltaic device, as set forth in claim 5, Wherein 
each of the plurality of interconnects is formed in the edge 
portion of each of the plurality of substrates. 

7. An electronic device comprising: 
a plurality of ?exible substrates arranged in a stack and 

having interconnects, Wherein each of the interconnects 
is con?gured to derive one of a plurality of voltages on a 
?rst side of the plurality of ?exible substrates and con 
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?gured to distribute the one of the plurality of voltages to 
a respective second side of the plurality of ?exible sub 
strates; and 

a plurality of electronic cells disposed betWeen pairs of 
?exible substrates among the plurality of ?exible sub 
strates. 

8. The electronic device, as set forth in claim 7, comprising 
a plurality of derived voltage supplies coupled to the elec 
tronic device, Wherein each of the plurality of voltage sup 
plies is con?gured to provide one of the plurality of voltages. 

9. The electronic device, as set forth in claim 7, Wherein 
each of the plurality of voltages comprises a different voltage 
level. 

10. The electronic device, as set forth in claim 7, Wherein 
each of the plurality of electronic cells comprises an organic 
electronic cell. 

11. The electronic device, as set forth in claim 7, Wherein 
each of the plurality of electronic cells comprises a photovol 
taic cell. 

12. The electronic device, as set forth in claim 7, Wherein 
the plurality of ?exible substrates comprises a ?rst, second 
and third ?exible substrate, and Wherein a ?rst layer of the 
plurality of electronic cells is formed betWeen the ?rst and 
second ?exible substrates and Wherein a second layer of the 
plurality of electronic cells is formed betWeen the second and 
third ?exible substrates. 

13. The electronic device, as set forth in claim 12, Wherein 
the ?rst layer of the plurality of electronic cells is con?gured 
to derive a ?rst of the plurality of voltages and the second 
layer of the plurality of electronic cells is con?gured to derive 
a second of the plurality of voltages. 

14. A photovoltaic device comprising: 
an upper substrate having a top surface and a bottom sur 

face and having a ?rst plurality of active elements dis 
posed on the bottom surface of the upper substrate; 

a loWer substrate having a top surface and a bottom surface 
and having a second plurality of active elements dis 
posed on the top surface of the loWer substrate; and 

at least one intermediate substrate disposed betWeen the 
upper and loWer substrate and having a top surface and a 
bottom surface, Wherein a third plurality of active ele 
ments are disposed on the top surface of the at least one 
intermediate substrate and a fourth plurality of active 
elements are disposed on the bottom surface of the at 
least one intermediate substrate, and 

Wherein the at least one intermediate substrate comprises a 
plurality of interconnects con?gured to distribute a volt 
age from the top surface to the bottom surface of the at 
least one intermediate substrate. 

15. The photovoltaic device, as set forth in claim 14, 
Wherein each of the plurality of interconnects comprises a 
conductive via. 

16. The photovoltaic device, as set forth in claim 14, 
Wherein each of the plurality of interconnects comprises a 
conductive edge Wrap. 

17. The photovoltaic device, as set forth in claim 14, 
Wherein the bottom surface of the at least one intermediate 
substrate comprises: 

a ?rst plurality of pads coupled to the interconnects and 
con?gured to obtain a ?rst voltage from the upper sur 
face of the at least one intermediate substrate; and 

a second plurality of pads con?gured to obtain a second 
voltage, and Wherein the second voltage is not provided 
to the upper surface of the at least one intermediate 
substrate. 
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18. The photovoltaic device, as set forth in claim 14, cell arranged directly beloW the ?rst photovoltaic cell; 
Wherein: and 

each of the ?rst plurality of active elements comprises one each of the second plurality of active elements comprises 
of an anode or a cathode of a ?rst photovoltaic cell; the other of the anode or the cathode of the second 

each of the third plurality of active elements comprises the 5 photovoltaic cell. 
other of the anode or the cathode of the ?rst photovoltaic 
cell; 

each of the fourth plurality of active elements comprises 
one of an anode or a cathode of a second photovoltaic * * * * * 


